Here we synthesize 2-ethylhexyl, 2-hexyldecyl, 2-[2-(2-methoxyethoxy)ethoxy]ethyl, oleyl and n-octadecyl phosphonic acid and use them to functionalize CdSe and HfO2 nanocrystals.
Introduction
Surface engineering of colloidal nanocrystals (NCs) is a prerequisite for advanced applications such as solar cells, 1,2 thermoelectrics, 3 field effect transistors, 4 smart windows, 5 superconductors, 6 ,7 catalysis 8 and memristors. 9 In particular, threshold memristors garner intense research interest because they emulate synaptic responses in neuromorphic computing. 10 They also exhibit faster switching speeds, lower power consumption, higher scalability, and greater 3D stackability than standard complementary metal oxide semiconductor (CMOS) circuits, thus promoting further miniaturizing beyond Moore's Law. 11, 12 In such threshold switching, a bias is applied, resulting in current flow and a significant amount of internal Joule heating. Once above the metal-insulator transition, 13 the device is activated and maintains a low resistance state (LRS) until the voltage is removed and the device resets to an insulating high resistance state (HRS). A memristor device comprises an insulating oxide layer sandwiched between two metal electrodes, typically fabricated by a vacuum deposition processes. However, these conventional approaches are limited due to expensive fabrication equipment and small deposition areas. 14 A facile and cost effective alternative is the solution deposition of monodisperse, highly crystalline inorganic NCs (e.g., SrTiO3, HfO2) into ribbons of nanocrystals via evaporative assembly using flow coating. 9, 15, 16 In addition, conductive atomic force microscopy (c-AFM) has the ability to locally interrogate electrical properties across length scales (a few nm -100 m) relevant to both individual NCs and the nanoribbon assemblies. Therefore, we have used c-AFM analysis to show that operating parameters such as set/reset voltage and LRS/HRS ratios of the nanoribbons inversely scale with the length of the ligand used to stabilize the NCs in solution. 9 Therefore, short ligands are desired but ligands shorter than dodecanoic acid result in unstable dispersions, thereby restraining the minimum set voltage that could be used to switch the ribbons of NCs.
With respect to ligands, the oleyl fragment is ubiquitous in the nanocrystal field; many syntheses utilize either oleylamine or oleic acid as the surfactant. [17] [18] [19] [20] The unsaturation provides a high dispersibility in organic solvents and offers a distinct signal in liquids 1 PbSe, 29 and ZrO2 30 NCs and also bind well to flat surfaces. 25, 31 Saturated phosphonic acids are also used in the synthesis of wurtzite CdSe NCs. [32] [33] [34] However, post-synthetic functionalization of NCs still mostly focuses on carboxylic acid or thiol ligands, even though the latter typically quench the photoluminescence quantum yield. 35, 36 Here, we explore the functionalization of NCs with phosphonic acid derivatives 1 -5 (Scheme 1) and their fabrication into memristor devices. We selected novel, branched phosphonic acids (1 and 2), a versatile polyethylene glycol 34, [37] [38] [39] [40] derivative (3), as yet unreported oleylphosphonic acid (4) and a prototypical straight chain derivative (5). The convenient synthesis of these phosphonic acids is followed by surface functionalization methods that are facile, even for the branched substrates. Finally, using this ligands, we deposit HfO2 NCs into ribbons of NCs by a simple flow coating process and measure their local memristive currentvoltage response with c-AFM.
Scheme 1.
Target phosphonic acid ligands, tailored towards nanocrystal surfaces.
Results and discussion
Phosphonic acids are usually synthesized via the Michaelis-Arbuzov reaction (Scheme 2). 41, 42 High temperatures (160 °C) are often required and generally, only primary, sterically unencumbered halides react (thus not suitable for target compounds 1 and 2). 43 The scope is also limited by side reactions with an ethyl bromide coproduct that leads to ethyl phosphonate ester byproducts. Alternative Michaelis-Arbuzov conditions have been developed that address some of these issues, but remain ineffective for sterically congested substrates, 44 or are only suitable for benzylic substrates.
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Scheme 2. The Michaelis-Arbuzov reaction.
Faster reactions and lower temperatures are accessible using the Michaelis-Becker approach, wherein a dialkyl phosphite anion is prepared from CsCO3 46 or sodium hydride in THF 47 or Na in hexane 48 in place of the tri-n-alkylphosphite as the nucleophile. Following this precedent, we prepared diethyl phosphonate esters from sodium diethylphosphite and the appropriate alkyl bromide in dimethylformamide solution (Scheme 3). 49 Reactions reached completion within a few hours at room temperature for linear alkyl bromides and at 70 ˚C for branched substrates. Only compound 3 could not be synthesized in high purity using the Michaelis-Becker reaction (neither in DMF, nor in THF) due to slow conversion and the formation of various uncharacterized byproducts. In this case the Michaelis-Arbuzov method was used and the ethyl phosphonate ester byproduct was removed from 3 by distillation.
Scheme 3. The Appel reaction converts alcohols in bromides, 50, 51 the Michaelis-Becker reaction converts bromides to phosphonate esters and finally, the phosphonate esters are hydrolyzed to phosphonic acids.
Pure phosphonate ester derivatives 1 -4 are isolated in greater than 70% yield by distillation, and provided pure samples of phosphonic acid upon treatment with bromotrimethylsilane and methanol (Scheme 3). . We conclude that a complete one-for-one exchange of oleate for the branched ligand 1 is achieved and they exist as monohydrogenphosphonate ligands when bound to the surface, in line with earlier reports. 27 The complete exchange with 1 is interesting in light of the poor exchange reactivity of 2-hexyldecanoic acid, 26 and suggests that the higher binding affinity of the phosphonate headgroup for the surface, overcomes any steric issue associated with the branched chain (note: the branch point is  to the phosphonate center, while it at the position in 2-hexyldecanoate). Figure 3C ) and 31 P NMR ( Figure 3D ) so only a monolayer of ligands is attached to the NCs.
HfO2 NCs capped with 3 can only be precipitated using hexane, however, ligand 3 is also insoluble in hexane and is not readily separated from the HfO2 NCs ( Figure 3C and 3D) . Thin films of hafnium oxide are typically used as a CMOS-compatible high- dielectric gate oxide 56 and in memristor applications. 57 HfO2 NCs, when assembled into ribbons of nanoparticles, feature a low resistance state and a high resistance state, interesting for resistive random access memory (RRAM) applications. 9, 11, 12 Using a mixture of dodecanoic acid and 10-undecenoic acid as ligands adsorbed on the HfO2 NCs, we previously achieved a minimal threshold switching set voltage of 1.2 ± 0.3 V. 9 In the same fashion, we assemble here the Figure S9 ).
Note that ligand 3 violates the trend and displays higher set voltages than expected for its ligand length. This may be caused by the presence of the free ligand (which proved difficult to remove from the nanocrystals as described above) or by the nature of the polyethylene glycol chain.
Note that the triangular cross-section of the nanoribbons (Figs. S3 -S8 ) creates a thicknessdependence in the memristive response. The thickest portion of the nanoribbons is difficult to electroform using the  10 V bias supply of the microscope, and therefore we performed all conductive probe measurements in thinner areas of equivalent thickness (~ 80 nm, circle marker Fig. S10 ) for each nanoribbon tested. We anticipate that ribbons a few NCs in height will exhibit optimal switching character.
Since it is desirable to minimize the set voltage for future memory applications, the shortest possible ligand should be used, which is 1 in this case of 3.75 nm HfO2 NCs. However, larger
HfO2 NCs, such as the 5 nm NCs synthesized from HfCl4 and benzyl alcohol, 24 cannot be stabilized by 1, and the NCs precipitate after functionalization and purification. This is rationalized by the van der Waals attraction between the cores ( Figure S11 ). In this case, colloidal stability is provided by 2, which it is still considerably shorter than the standard ligands (such as oleic acid) that are typically used. Together, these results place the branched ligands 1 and 2 squarely in the focus of electronic applications where solution processing is combined with interparticle charge transfer after assembly. 
Conclusion
We have developed a scalable synthesis of new phosphonic acid surfactant ligands. We have subsequently shown their superiority in functionalizing nanocrystals surfaces. Whereas exchange for branched carboxylic acids is disfavored by the branching, the branched phosphonic acids readily undergo displacement of the parent carboxylate ligands. Finally, 2-ethylhexyl phosphonic acid leads to a record-low operating voltage in the resistive switching of HfO2 NC assemblies. Considering their high binding affinity, we expect the synthesized ligands to be heavily used to functionalize surfaces, even beyond the nanocrystal field.
